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(57) ABSTRACT

An apparatus includes a switched-mode converter circuit
having an output configured to be coupled to at least one
light-emitting device. The apparatus further includes a con-
trol circuit configured to generate a measure of a voltage
magnitude of a time-varying voltage applied to an mput of
the switched-mode converter circuit and a measure of a
dimming level to be applied to the at least one light-emitting
device. The control circuit 1s configured to control a switch
of the switched-mode converter circuit responsive to the
generated measures. The control circuit may be imple-
mented using functional units of a microcontroller.
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SWITCHED-MODE CONVERTER CONTROL
FOR LIGHTING APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority of U.S. Provi-
sional Application Ser. No. 61/950,569, filed on Mar. 10,

2014 entitled SWITCHED-MODE CONVERTER CON-
TROL FOR LIGHTING APPLICATIONS, the entire dis-

closure of which 1s incorporated herein by reference.

FIELD

The present inventive subject matter relates to power
conversion apparatus and methods and, more particularly, to
switched-mode converter control for solid-state and other
lighting apparatus.

BACKGROUND

Solid-state lighting arrays are used for a number of
lighting applications. For example, solid-state lighting pan-
¢ls including arrays of solid-state light emitting devices have
been used as direct i1llumination sources in architectural
and/or accent lighting. A solid-state light emitting device
may include, for example, a packaged light emitting device
including one or more light emitting diodes (LEDs), which
may 1nclude 1norganic LEDs, which may include semicon-
ductor layers forming p-n junctions and/or organic LEDs
(OLEDs), which may include organic light emission layers.

Solid-state lighting devices are also used 1n lighting
fixtures, such as incandescent bulb replacement applica-
tions, task lighting, recessed light fixtures and the like. For
example, Cree, Inc. produces a variety of recessed down-
lights, such as the LR-6 and CR-6, which use LEDs for
illumination. Solid-state lighting panels are also commonly
used as backlights for small liquid crystal display (LCD)
screens, such as LCD display screens used in portable
clectronic devices, and for larger displays, such as LCD
television displays.

Solid-state lighting devices are commonly driven by
switching power converter circuits, such as boost converters,
buck converter, buck-boost converters, and the like. Such
converters may use current and/or voltage feedback to
regulate power provided to the light-emitting devices or may
operate without such feedback. Various switched-mode

power control techniques for LED lighting apparatus are
described 1n, for example, U.S. Pat. No. 7,557,521 to Lys.

SUMMARY

Some embodiments provide an apparatus including a
switched-mode converter circuit having an output config-
ured to be coupled to at least one light-emitting device. The
apparatus further includes a control circuit configured to
generate a measure of a voltage magnitude of a time-varying
voltage applied to an mput of the switched-mode converter
circuit and a measure of a dimming level to be applied to the
at least one light-emitting device. The control circuit i1s
turther configured to control a switch of the switched-mode
converter circuit responsive to the generated measures. The
switched-mode converter may be controlled without knowl-
edge of current passing through the at least one light-
emitting device.

In some embodiments, the control circuit may include a
voltage detector configured to generate a magnitude signal
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indicative of the voltage magnitude, a mapping circuit
configured to map the magnitude signal to a pulse duration
signal and a pulse generation circuit configured to generate
a pulse width modulated signal responsive to the pulse
duration signal. The switch of the switched-mode converter
circuit may operate responsive to the pulse width modulated
signal.

The control circuit may further include a dimming level
detection circuit configured to generate a dimming signal
representative ol the dimming level and a dimming com-
pensation circuit configured to generate a dimming compen-
sation signal responsive to the dimming signal. The pulse
generation circuit may be configured to generate the drive
pulse signal responsive to the pulse duration signal and the
dimming compensation signal. The control circuit may
include a scaling circuit configured to scale the pulse dura-
tion signal responsive to the dimming compensation signal
and the pulse generation circuit may be configured to
generate the drive pulse signal responsive to the scaled pulse
duration signal.

In some embodiments, the dimming level detection circuit
includes a phase cut detection circuit configured to generate
a phase cut signal indicative of a phase cut applied to the
time-varying voltage. The dimming compensation circuit
may be configured to generate the dimming compensation
signal responsive to the phase cut signal. The dimming
compensation circuit may be configured to map a non-zero
phase cut to a minimum dimming level.

In further embodiments, the switched-mode converter
circuit may include an energy storage device and the pulse
generation circuit may be configured to nitiate a pulse of the
pulse width modulated signal responsive to a pulse initiation
signal. The control circuit may further include a detector
circuit configured to generate the pulse initiation signal
responsive to discharge of the energy storage device. The
energy storage device may include an inductor. The detector
circuit may be configured to generate the pulse initiation
signal responsive to a voltage at a terminal of the inductor.

In some embodiments, the voltage detector circuit may
include a peak detector circuit configured to generate a peak
voltage signal representative of a peak voltage of the time-
varying voltage. The mapping circuit may be configured to
generate the pulse duration signal responsive to the peak
voltage signal. The control circuit may further include a
phase cut detection circuit configured to generate a phase cut
signal representative of a phase cut applied to the time-
varying voltage and a peak voltage compensation circuit
configured to scale the peak voltage signal responsive to the
phase cut signal. The mapping circuit may be configured to
generate the pulse duration signal responsive to the scaled
peak voltage signal. The peak voltage compensation circuit
may be configured to scale the peak voltage signal when the
phase cut signal indicates a phase cut greater than a prede-
termined amount and to forego scaling the peak voltage
signal when the phase cut signal indicates a phase cut less
than the predetermined amount. The predetermined amount
may be greater than about a quarter of a cycle of the
time-varying voltage.

In some embodiments, the control circuit includes a
microcontroller. The apparatus may further include a recti-
fier circuit having an mput configured to be coupled to an
AC power source and an output coupled to the mput of the
switched-mode converter circuit. The apparatus may also
include the at least one light emitting device. The at least one
light emitting device may include at least one LED.

Some embodiments of the imventive subject matter pro-
vide an apparatus including a switched-mode converter
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circuit configured to be coupled to at least one light-emitting
device and to transier power thereto responsive to a pulse
width modulated signal. The apparatus further includes a
microcontroller configured to provide a voltage detection
unit configured to generate a first digital value representative
of a magnitude of a time-varying voltage applied to an input
of the switched-mode converter circuit, a dimming level
detection unit configured to generate a second digital value
representative of a dimming level, a mapping unit config-
ured to generate a pulse duration value responsive to the first
digital value, a dimming compensation unit configured to
scale the pulse duration value responsive to the second
digital value and a programmable switched-mode control
(PSMC) unit configured to generate the pulse width modu-
lated signal responsive to the scaled pulse duration value.

The mapping unit may be configured to generate the pulse
duration value responsive to the first and second digital
values.

The voltage detection unit may include an analog-to-
digital converter (ADC) unit configured to generate digital
voltage samples representative of a time-varying voltage
applied to an mput of the switched-mode converter circuit
and a peak detector unit configured to generate the first
digital value from the digital voltage samples.

The dimmaing level detection unit may include a phase cut
detection unit. The phase cut detection umit may include an
analog comparator unit configured to generate a digital pulse
signal responsive to the time-varying voltage and a capture
unit configured to generate the second digital value respon-
sive to the digital pulse signal. The analog comparator unit
may include a first analog comparator unit and the micro-
controller may be further configured to provide a second
analog comparator unit configured to generate a pulse 1ni-
tiation signal responsive to discharge of an energy storage
device of the switched-mode converter circuit and the
PSMC unit may be configured to initiate a pulse of the pulse
width modulated signal responsive to the pulse 1nitiation
signal.

The apparatus may further include a color point control
circuit configured to be coupled to the at least one light-
emitting device, and the microcontroller may be further
configured to control the color point control circuit.

The apparatus may further include a rectifier circuit
having an mput configured to be coupled to an AC power
source and an output coupled to an input of the switched-
mode converter circuit. The apparatus may also include the
at least one light emitting device, which may include at least
one LED.

Further embodiments provide methods of operating a
switched-mode converter circuit having an output coupled to
at least one light-emitting device. The methods include
generating a measure of a voltage magnitude of a time-
varying voltage applied to an mput of the switched-mode
converter circuit, generating a measure of a dimming level
to be applied to the at least one light-emitting device and
controlling a switch of the switched-mode converter circuit
responsive to the generated measures.

Generating a measure of a voltage magnitude of the
time-varying voltage may include generating a measure of a
peak voltage of the time-varying voltage. Controlling a
switch of the switched-mode converter circuit responsive to
the generated measures may include mapping the measure of
the peak voltage to a pulse duration and applying the pulse
duration to the switch.

Generating a measure of a dimming level to be applied to
the at least one light-emitting device may include generating,
a measure of a phase cut applied to the time-varying voltage
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4

and applying the pulse duration to the switch may include
adjusting the pulse duration based on the measure of the
phase cut and applying the adjusted pulse duration to the
switch. Mapping the measure of the peak voltage to a pulse
duration may include adjusting the measure of the peak
voltage based on the measure of the phase cut and mapping
the adjusted measure of the peak voltage to the pulse
duration. The methods may be performed by a microcon-
troller.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the inventive subject matter
and are incorporated 1n and constitute a part of this appli-
cation, 1llustrate certain embodiment(s) of the nventive
subject matter. In the drawings:

FIG. 1 1s a schematic diagram illustrating a lighting
apparatus according to some embodiments;

FIG. 2 1s a schematic diagram 1llustrating a control circuit
for a lighting apparatus according to some embodiments;

FIG. 3 1s a schematic diagram 1llustrating a control circuit
for a lighting apparatus according to further embodiments;

FIG. 4 1s a schematic diagram 1illustrating a boost con-
verter 1 a lighting apparatus according to some embodi-
ments;

FIG. 5 1s a schematic diagram 1llustrating a microcon-
troller-controlled boost converter 1n a lighting apparatus
according to further embodiments;

FIG. 6 1s a graph of a peak voltage correction for dimming,
according to some embodiments;

FIG. 7 1s a graph of a pulse duration adjustment for
dimming according to some embodiments;

FIG. 8 1s a schematic diagram 1llustrating a circuit imple-
mentation for a switch of a switched-mode converter circuit
according to some embodiments;

FIG. 9 1s a schematic diagram illustrating a color com-
pensation circuit for use with a lighting apparatus according
to some embodiments:

FIG. 10 1s a schematic diagram 1llustrating an integrated
lighting apparatus according to some embodiments; and

FIG. 11 1s a schematic diagram illustrating a driver
apparatus for at least one light emitting device according to
further embodiments.

DETAILED DESCRIPTION

Embodiments of the present inventive subject matter now
will be described more fully hereinafter with reference to the
accompanying drawings, in which embodiments of the
inventive subject matter are shown. This mventive subject
matter may, however, be embodied 1n many diflerent forms
and should not be construed as limited to the embodiments
set forth herein. Rather, these embodiments are provided so
that this disclosure will be thorough and complete, and will
fully convey the scope of the inventive subject matter to
those skilled 1n the art. Like numbers refer to like elements
throughout.

It will be understood that, although the terms first, second,
ctc. may be used herein to describe various elements, these
clements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first
clement, without departing from the scope of the present
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inventive subject matter. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items.

It will be understood that when an element 1s referred to
as being “connected” or “coupled” to another element, 1t can
be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when an
clement 1s referred to as being “directly connected” or
“directly coupled” to another element, there are no inter-
vening elements present. It will be further understood that
clements “coupled 1n series” or “serially connected” may be
directly coupled or may be coupled via intervening ele-
ments.

Spatially relative terms, such as “below™, “beneath”,
“lower”, “above”, “upper”’, and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass diflerent orientations of the
device 1n use or operation, 1n addition to the ornentation
depicted 1n the figures. Throughout the specification, like
reference numerals 1n the drawings denote like elements.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not mtended to be
limiting of the present imventive subject matter. As used
herein, the singular forms “a”, “an” and *“‘the” are intended
to include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises” “comprising,” “includes™ and/or “includ-
ing” when used herein, specily the presence of stated
features, integers, steps, operations, elements, and/or com-
ponents, but do not preclude the presence or addition of one
or more other features, integers, steps, operations, elements,
components, and/or groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this present inventive subject matter belongs. It waill
be further understood that terms used herein should be
interpreted as having a meaning that 1s consistent with their
meaning 1n the context of this specification and the relevant
art and will not be interpreted in an i1dealized or overly
formal sense unless expressly so defined herein. The term
“plurality” 1s used herein to refer to two or more of the
referenced 1tem.

Analog control systems for solid-state lighting applica-
tions can be cost eflective, relatively eflicient and can even
provide some level of dimmer compatibility. However,
commercially available analog solutions may not provide
coverage of a desirable range of dimmers and converter
topologies. Analog solutions may be difficult to apply in
application that require mode switching and/or which use
multiple conversion stages.

A potential limitation to microcontroller-based switched-
mode converter designs 1s efliciently providing feedback in
the digital domain during a switching cycle. Accordingly,
conventional designs often include hardware support for
what 1s commonly called the “current loop.” Often this
comes 1n the form of special circuitry to terminate the “on”
time of the switch at the appropnate peak current. In this
sense, such systems operate 1n a manner very similar to the
analog implementations, except that digital processing can
be used to provide the target current, and can therefore
precisely control how the converter operates. This can be an
advantage because determining the required current may
involve long time constant operations, a task to which digital

memories may better suited than corresponding analog
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circuitry. Generally, power supplies with a desirable power
factor depend on slow time constants to prevent 1nteraction
between the power factor correction control and the voltage
control. Additional logic can be used to reduce the required
voltage and current margins on some of the components due
to the additional knowledge.

In transition mode and discontinuous strategies, “on” time
can be calculated from known voltages and the inductance
and the conventional current loop can be eliminated. The
general response of an inductor connected to an 1nput source
1s that as a voltage of the mput source increases, a converter
with a fixed on time will draw more current approximately
linearly and will draw power approximately quadratically.
This response can provide a good power factor.

In LED lighting systems, the LED string typically con-
trols the voltage. Some conventional designs use feedback
of the LED current to set the lighting unit operating char-
acteristics. This may result in several compromises due to
the nature of the feedback. Fast feedback may result in
poorer power Tactor and high third harmonic content at the
input of the converter. Slow feedback may result 1n poor
dimmer/dimming response, poor startup response, and
incompatibility with dimmers.

Responding to mput voltage variations does not require
current feedback. Even very low cost processors typically
can perform calculations used for discontinuous current
mode (DCM) control, e.g., measuring the input voltage,
taking its square root, multiplying by a calibration constant,
and finally setting a new duty cycle. This calculation need
only be performed occasionally. Depending on the nature of
the input voltage variation, it may only be necessary to do
the calculation once, e.g., at power up. Even 11 close tracking
of 1nput voltage varnations 1s desired, calculating once every
half cycle may be more than enough, as output capacitance
may suihiciently smooth out rapid input varations.

Power calibration can be performed without knowledge of
the output current and voltage 11 the input voltage and input
current are known. This can be quite useful 1t the output
needs to be 1solated. The reduction 1n circuit complexity can
be significant. Some embodiments of the inventive subject
matter may employ digital control strategies based on the
above considerations that can reduce vanation to line input
voltage, achieve desirable optical output when used on
dimmed and non dimmed circuits, provide desirable start up,
and provide desirable efliciency, even during dimming

Incandescent lamps are voltage dependent devices,
although the power dependence 1s somewhat reduced due to
the mput resistance variation that appears due to the filament
heating up a little hotter at higher mput voltage, and thus
having a higher resistance. This effect in light output 1s
magnified by the efliciency improvement due to the hotter
filament.

LED lamp performance could be judged 1n substantially
the same fashion as imncandescent lamps, 1.e., output varia-
tion due to voltage varnation 1s nominally acceptable. How-
ever, this type of output variation may be unacceptable,
since 1t may require some additional de-rating of the lamp at
nominal voltage, which may result in labeling as a less
bright lamp.

Compensating for variation in mput voltage 1n a lighting
device driven by a switched-mode power converter accord-
ing to some embodiments may include sensing the input
voltage, processing the sensed signal to extract some mea-
sure ol the voltage magnitude, applying a function which
implements the inverse characteristic of the switched-mode
converter, and controlling the switched-mode converter
based on the output of the function.
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Calculating root-mean-square (RMS) input voltage may
be diflicult in a microcontroller with no multiply or divide
hardware. According to some embodiments, peak or average
values may be used, as peak and average values may be
substantially easier to calculate. The peak value has the
potential advantage of being relatively insensitive to dimmer
angle for a part of the dimmer’s range.

A typical triac dimmer does not fire until sometime after
the zero volt cross over point. The delay 1n triggering may
be substantial, e.g., between 30 and 60 degrees when the
dimmer 1s at 100% output (minimum dimming level). This
may be problematic because a lamp powered by a dimmer
may not produce 1ts rated output at minimum dimming level.
With mcandescent lamps, a potential solution is to 1nstall a
higher wattage lamp. However, LED lamps are generally not
available 1n a wide array of sizes, and higher wattage lamps
may be substantially more expensive, even 1f they are
available. According to some embodiments, a control circuit
for a switched-mode power supply used to drive LEDs may
compensate for this characteristic of conventional dimmers.

Properly sensing the peak voltage may be diflicult. Analog
peak finder circuits utilizing an op-amp may be used. A
microcontroller driving a switched-mode converter could
read the peak voltage with 1ts A/D at any time from such a
circuit, and responsively update the “on” time of the con-
verter’s power switch. According to some embodiments, the
time varying input voltage may be oversampled with the
A/D and the peak voltage calculated from the samples
instead of using an analog peak finder circuit. This technique
has the potential advantage that its response can be fine

tuned and other information may be used to improve the
measurement.

Substantial oversampling may be required to extract an
accurate estimate of the peak value of a rectified wavetorm.
Ordinary sinusoids are quite tlat at theiwr peaks, so the
required oversampling rate may not be very large. However,
a phase cut wavelorm has much sharper peaks, particularly
when more than 100 degrees of the original waveform have
been removed.

According to some embodiments, dimming phase cut may
be determined using a control circuit that compares the input
voltage waveform to a threshold to generate a pulse signal
and uses a counter to determine the magnitude of the phase
cut from the pulse signal. Since the cutofl angle can be
determined and 1ts eflect predicted, arbitrary dimmer
response curves can be programmed.

FIG. 1 illustrates a lighting apparatus 100 according to
some embodiments of the mmventive subject matter. The
lighting apparatus 100 includes at least one light emitting
device, e.g., one or more light emitting diodes (LEDs) 10.
The one or more LED(s) 10 are driven by a switched-mode
converter circuit 110 from a power source that provides a
time-varying voltage, such as a rectified voltage produced
by a rectifier from an AC source. The apparatus 100 further
includes a control circuit 120 configured to generate mea-
sures of a voltage magnitude of the time-varying voltage and
a dimming level to be applied to the one or more LED(s) 10
using, for example, respective voltage detection and dim-
ming level detection circuits 122, 124. Dimming level
information that 1s detected may be a phase cut applied to the
time-varying voltage and/or a separate dimming 1nput, such
as a 0-10V, 1-10V or digital dimming input. The control
circuit 120 further comprises a switch timing control circuit
126 configured to control a timing of a power switch of the
switched-mode power converter circuit 110 responsive to
the generated measures.
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It will be understood that the apparatus 100 may be
implemented in any of a number of different ways. For
example, the at least one LED 10 may include a single
device or various arrangements of LEDs, such as various
serial and parallel arrangements of devices. The switched-
mode converter circuit 110 may take various forms, includ-
ing, but not limited to, boost converter, buck converter,
buck-boost converter and the like. The control circuit 120
may be implemented using analog circuitry, digital circuitry
(e.g., microprocessor, microcontroller, ASIC, etc.) or com-
binations thereof.

According to some embodiments, a control circuit may
use a voltage-to-pulse width mapping that may be adjusted
for action of a dimmer. The resulting PWM drive signal may
be used to control a switched-mode converter circuit that
provides power to LEDs. Referring to FIG. 2, a control
circuit 200 may include a voltage detection circuit 210 that
1s configured to generate a magnitude signal 215 represent-
ing a voltage magnitude of a time-varying signal 205, such
as a full-wave rectified signal produced by a rectifier. A
mapping circuit 220 generates a pulse duration signal 2235
from the magnitude signal 215 produced by the voltage
detection circuit 210.

The control circuit 200 further includes a dimming level
detection circuit 230 that 1s configured to generate a dim-
ming signal 235 representing a dimming level associated to
the time-varying signal 205. For example, the dimming level
may be indicated by a phase cut applied to the time-varying
signal 205, and the dimming level detection circuit 230 may
be configured to generate a dimming signal 235 represen-
tative of the phase cut. In further embodiments, the dimming
level may be given by an analog signal, such as a 0-10V or
1-10V signal, or a digital signal, such as a PWM dimming
signal or a DALI signal, and the dimming level detection
circuit 230 may be configured to generate a dimming signal
translated from such an mput.

A dimming compensation circuit 240 generates a dim-
ming compensation signal 245 from the dimming signal 2335
produced by the dimming level detection circuit 230. A
scaling circuit 250 scales the pulse duration signal 225
according to the dimming compensation signal 245. The
scaling may represent a factor by which the pulse duration
indicated by the pulse duration signal 225 1s to be changed
to account for the dimming. The scaled pulse duration signal
255 produced by the scaling circuit 250 1s applied to a PWM
driver circuit 260, which responsively produces a drive
signal 265. The drnive signal 265 may drive one or more
power switches of a switched-mode converter circuit.

According to further embodiments, a peak voltage detec-
tor may be used to provide voltage detection, with a phase
cut detector output being used to both scale pulse duration,
as described above, and to correct peak measurements when
a phase cut applied by t dimmer eflects peak measurements.
Referring to FIG. 3, a control circuit 300 includes a peak
voltage detection circuit 310 which 1s configured to produce
a peak voltage signal 315 representing a peak voltage of a
time-varying signal 3035. The control circuit 300 further
includes a phase cut detection circuit 320, which 1s config-
ured to generate a phase cut signal 325 representing a phase
cut applied to the time-varying signal 305 by a dimmer. A
dimming compensation circuit 330 1s configured to generate
a peak correction signal 333 responsive to the phase cut
signal 3235. The peak correction signal 333 i1s applied to a
scaling circuit 340, which responsively scales the peak
voltage signal 315 to produce a scaled peak voltage signal

345.
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A mapping circuit 350 generates a pulse duration signal
355 from the scaled peak voltage signal 345. A scaling
circuit 360 scales the pulse duration signal 355 according to
a dimming compensation signal 335 produced by the dim-
ming compensation circuit 330. The scaled pulse duration
signal 365 1s applied to a PWM dniver circuit 370, which
responsively controls a switched-mode converter circuit.

The time-varying signal 305 may be a rectified voltage
produced by a rectifier from a phase-cut AC signal output by
a dimmer. If the dimmer applies a greater than 90 degree
phase cut to the AC signal, the peak voltage identified by the
peak voltage detector could result 1n an erroneous mapping,
of the peak voltage signal 3135 to the pulse duration signal
345. The scaling applied to the peak voltage signal 315
responsive to the phase cut can compensate for this error.

According to further embodiments, reduced voltage
switching may be provided. Referring to FIG. 4, a lighting
apparatus 400 includes a boost converter circuit 410 includ-
ing an inductor L, a diode D and a power switch S, and 1s
configured to transier energy to at least one LED 10. A
control circuit 420 provides a drive signal to operate the
switch S. The control circuit 420 includes a peak voltage
detection circuit 310, a phase cut detection circuit 320, a
dimming compensation circuit 330, a scaling circuit 340, a
mapping circuit 350, and a scaling circuit 360 along the lines
described above with reference to FIG. 3. The control circuit
420 turther includes a PWM driver circuit 470 that receives
a pulse duration signal from the scaling circuit 360 and
turther receives a pulse mitiation signal 485 generated by a
discharge detection circuit 480 responsive to a discharge of
the inductor L. The PWM driver circuit 470 responsively
controls the switch S using a timing based on a discharge
state of the inductor L. In particular, responsive to discharge
of the inductor L, the PWM generation circuit 470 may close
the switch S for a duration corresponding to the pulse
duration signal received from the scaling circuit 360.

It will be understood that the control circuitry described
above may be implemented using analog circuitry and/or
digital circuitry. Accordingly to some embodiments, a
microcontroller may be used to implement much of the
control circuitry described above.

FIG. 5 1llustrates an apparatus using a microcontroller-
based control circuit for driving one or more LEDs accord-
ing to further embodiments. The apparatus includes a single-
ended primary-inductance converter (SEPIC) circuit 510
including a coupled inductor L. having a primary winding
configured to be coupled to a power source (e.g., a rectifier)
that produces a time-varying voltage v, , e.g., a full-wave
rectified voltage produced from a phase cut AC signal
produced by a dimmer A switch S, which may include, for
example, a power transistor (e.g., an IGBT or power MOS-
FET) and associated drive circuitry, 1s coupled 1n series with
the primary winding of the coupled inductor L and config-
ured to control a current flowing therethrough. A secondary
winding of the inductor L 1s coupled to the primary winding,
by a capacitor C1 and to a diode D and a capacitor C2 that
are coupled at an output 512. The output 5312 of the SEPIC
circuit 510 1s configured to be coupled to one or more LEDs.

A microcontroller 520 1s configured to drive the switch S
of the SEPIC circuit 510. The microcontroller 520 includes
a variety of analog and digital functional units. These
functional units including an analog-to-digital converter
(ADC) 521, which 1s configured to sample voltages pro-
duced from a voltage divider including resistors R1, R2 via
a bufler circuit 540. The voltage samples are converted to
digital voltage values, which are representative of the time
varying voltage v . These digital voltage values are passed

5

10

15

20

25

30

35

40

45

50

55

60

65

10

to a peak detection umt 522, which identifies a value
corresponding to a peak value of the time-varying voltage
\

The output of the voltage divider 1s also passed to a first
comparator unit 527 of the microcontroller 520. The com-
parator umt 527 compares the output of the voltage divider
to a first reference voltage V., and responsively generates
a digital output signal corresponding to the time-varying
voltage v, . The output of the comparator unit 527 1s passed
to a capture umt 528, which produces a digital value
representing a measure of an amount of phase cut applied to
the time-varying voltage v, .

A peak correction unit 530 generates a scaling factor
responsive to the output of the capture umt 528, and a first
scaling unit 523 applies the scaling factor to the output of the
peak detection circuit 523 to produce a scaled peak voltage
value. The scaling may be such that, as explaimned above, 1
the phase cut applied to the time-varying voltage v, 1s
greater than 90 degrees, the value produced by the peak
detection unit 522 1s appropriately corrected.

The scaled peak voltage value 1s applied to a mapping unit
524, which applies a voltage/pulse duration mapping to
produce a pulse duration value. The mapping may be
implemented 1n a number of different ways, such as by using
a closed functional expression, a look up table or the like.

The phase cut value produced by the capture umt 528 1s
also applied to a mapping unit 529 that produces a scaling
factor. The mapping enables the implementation of arbitrary
dimming responses and may be implemented 1n a number of
different ways, such as by using a closed functional expres-
s1on, a look up table or the like.

A second scaling unit 525 receives the scaling factor and
the pulse duration value, and responsively produces a scale
pulse duration which 1s adjusted for the dimming level
applied to the time-varying voltage v, . The scaled pulse
duration value 1s provided to a programmable switched-
mode controller (PSMC) unit 526, which produces a pulse
width modulated (PWM) signal to control the switch S.

Timing of the PWM signal 1s controlled responsive to the
output of a second comparator unit 531. The second com-
parator unit 331 compares a second reference voltage V, -,
to a voltage produced by a second voltage divider including
resistors R3, R4 and coupled to a tap of the secondary
winding of the coupled inductor L. The second voltage
divider and the second comparator unit 531 are used to
detect when an approximately zero voltage condition cor-
responding to full discharge of the coupled inductor L exists
across the switch S. This enables near zero voltage switching
by the PSMC unit 526.

According to some embodiments, a non-unity peak volt-
age scaling 1s applied by the peak voltage correction unit for
phase cuts exceeding 90 degrees. FIG. 6 illustrates an
example of a correction factor that may be used for the
scaling factor (y-axis) for various phase cut values (x-axis)
greater than 90 degrees. Such a scaling may be accom-
plished using a closed formula and/or a lookup table. This
graph shows that an 1nitial correction may be quite small and
may not be necessary for phase cuts up to 120 degrees, at
which point the sensed voltage error 1s just —15%. Above
120 degrees, the voltage error may rapidly increase. Many
dimmers do not apply phase cuts greater than 135 degrees,
at which point the correction factor i1s approximately 1.5.

Some embodiments may forego peak voltage compensa-
tion for phase cuts over 90 degrees. Some embodiments may
use a peak value determined at phase cut less than 90
degrees for conditions when the phase cut 1s greater than 90
degrees. Still further embodiments may use a predetermined
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peak value (e.g., a peak value corresponding to a rated
voltage of the apparatus) for phase cuts above 90 degrees.

Adjustment of pulse width to compensate for dimming
may involve identilying an appropriate point at which to
cease compensating for the presence of the dimmer. As
noted above, many dimmers have a non-zero minimum
phase cut. For example, many dimmers have a minimum
phase cut of around 45 degrees, and some provide a mini-
mum of around 60 degrees. Accordingly a cutoil between 50
and 60 degrees may be appropniate. FIG. 7 illustrates a
dimming transformation that may be applied (e.g., by the
phase cut mapping unit 529) according to some embodi-
ments, where the scaling factor applied would be the inverse
of the y-axis values shown in FIG. 7 for various phase cut
values (x-axis).

The apparatus 1llustrated in FIG. 5§ may be implemented
using, for example, a Microchip Technology Inc.
PIC16F1782 28-Pin 8-Bit Advanced Analog Flash Micro-
controller, which includes functional units that may be
utilized as discussed above. However, 1t will be appreciated
that other microcontrollers may be used, and that some
embodiments may use different functional unit arrange-
ments than those described above with reference to FIG. 5
based on the functional capabilities of the particular micro-
controller used.

FIG. 8 illustrates an exemplary cascode circuit 800 for
implementing the switch S of FIG. 5 according to some
embodiments. The cascode switch 800 uses a high threshold
FET Q1 having a gate that 1s biased by a circuit compnsmg
a resistor R1 and a zener diode ZD. The FET Q1 1s coupled
in series with a relatively low threshold FET Q2 having 1ts
gate driven by the output of the microcontroller via a
network comprising resistors R2 and R3. This arrangement
can c¢liminate the need for a gate driver. Such an arrange-
ment may be most usetul in low wattage applications.

FI1G. 9 illustrates color control circuitry that may be used
in with the microcontroller-based circuitry shown in FIG. 5.
An LED string may include two or more substrings 910a,
9106 1including LEDs with different color outputs (e.g., red
and white). A color compensation circuit 920 may control
the relative outputs of the substrings 910a, 9105 responsive
to a control output from the same microcontroller used to
provide switched-mode converter control as described
above with reference to FIG. 5. The color control may be
coordinated with the dimming control described above, e.g.,
particular color outputs may be associated with particular
dimming inputs such that, for example, the LED string
produces a color output that approximates the response of an
incandescent lamp to the same dimmer nput.

Embodiments of the inventive subject matter described
above may provide a microcontroller-based solution that
uses a relatively small number of external control circuits.
The microcontroller may provide both hardware resources
and software to eflect sensing and control of the switching
clement.

The inventive subject matter may be embodied 1n any of
a number of different forms. For example, as shown in FIG.
10, a lighting apparatus 1000 may includes one or more
LEDs 1040 in combination with a switched-mode converter
circuit 1020 and control circuit 1030 along the lines
described above. A rectifier circuit 1010, e.g., a full-wave
diode bridge rectifier circuit, may also be included 1n the
apparatus 1000. As shown in FIG. 11, a driver assembly
1100 according to some embodiments may include a rectifier
circuit 1110, switched-mode converter circuit 1130 and
control circuit 1130 as described above, and may be con-

figured to be connected to one or more LEDs 10.
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In the drawings and specification, there have been dis-
closed typical embodiments of the mnventive subject matter
and, although specific terms are employed, they are used 1n
a generic and descriptive sense only and not for purposes of
limitation, the scope of the inventive subject matter being set
forth 1n the following claims.

What 1s claimed 1s:

1. An apparatus comprising:

a switched-mode converter circuit having an output con-
figured to be coupled to at least one light-emitting
device, the switched-mode converter circuit compris-
ing an energy storage device and a switch configured to
control charging of the energy storage device; and

a control circuit configured to generate a measure of a
voltage magnitude of a time-varying voltage applied to
an 1nput of the switched-mode converter circuit and a
measure of a dimming level to be applied to the at least
one light-emitting device and further configured to
generate a pulse width modulated signal having a pulse
width that varies responsive to both the measure of the
voltage magnitude and the measure of the dimming
level and to control the switch of the switched-mode
converter circuit responsive to the pulse width modu-
lated signal.

2. The apparatus of claim 1, wherein the control circuit 1s
configured to control the switch without knowledge of a
current of the at least one light-emitting device.

3. The apparatus of claim 1, wherein the control circuit
COmMprises:

a voltage detector configured to generate a magnitude

signal indicative of the voltage magnitude;

a mapping circuit configured to map the magnitude signal
to a pulse duration signal; and

a pulse generation circuit configured to generate the pulse
width modulated signal responsive to the pulse dura-
tion signal,

wherein the switch of the switched-mode converter circuit
operates responsive to the pulse width modulated sig-
nal.

4. The apparatus of claim 3, wherein the control circuit

further comprises:

a dimming level detection circuit configured to generate a
dimming signal representative of the dimming level;
and

a dimming compensation circuit configured to generate a
dimming compensation signal responsive to the dim-
ming signal; and

wherein the pulse generation circuit i1s configured to
generate the pulse width modulated signal responsive
to the pulse duration signal and the dimming compen-
sation signal.

5. The apparatus of claim 4, wherein the control circuit
comprises a scaling circuit configured to scale the pulse
duration signal responsive to the dimming compensation
signal and wherein the pulse generation circuit 1s configured
to generate the pulse width modulated signal responsive to
the scaled pulse duration signal.

6. The apparatus of claim 4, wherein the dimming level
detection circuit comprises a phase cut detection circuit
configured to generate a phase cut signal indicative of a
phase cut applied to the tlme-varymg voltage and wherein
the dimming compensation circuit 1s conﬁgured to generate
the dimming compensation signal responsive to the phase
cut signal.

7. The apparatus of claim 6, wherein the dimming com-
pensation circuit 1s configured to map a non-zero phase cut
to a mimnimum dimming level.
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8. The apparatus of claim 3:

wherein the pulse generation circuit i1s configured to
initiate a pulse of the pulse width modulated signal
responsive to a pulse initiation signal; and

wherein the control circuit further comprises a detector
circuit configured to generate the pulse initiation signal
responsive to discharge of the energy storage device.

9. The apparatus of claim 8, wherein the energy storage
device comprises an inductor.

10. The apparatus of claim 9, wherein the detector circuit
1s configured to generate the pulse nitiation signal respon-
sive to a voltage at a terminal of the inductor.

11. An apparatus comprising;:

a switched-mode converter circuit having an output con-
figured to be coupled to at least one light-emitting
device; and

a control circuit configured to generate a measure of a
voltage magnitude of a time-varying voltage applied to
an input of the switched-mode converter circuit and a
measure of a dimming level to be applied to the at least
one light-emitting device and further configured to
control a switch of the switched-mode converter circuit
responsive to the generated measures, wherein the
control circuit comprises:

a voltage detector configured to generate a magnmitude
signal indicative of the voltage magnitude;

a mapping circuit configured to map the magnitude signal
to a pulse duration signal; and

a pulse generation circuit configured to generate a pulse
width modulated signal responsive to the pulse dura-
tion signal,

wherein the switch of the switched-mode converter circuit
operates responsive to the pulse width modulated sig-
nal, wherein the voltage detector circuit comprises a
peak detector circuit configured to generate a peak
voltage signal representative of a peak voltage of the
time-varying voltage and wherein the mapping circuit
1s configured to generate the pulse duration signal
responsive to the peak voltage signal.

12. The apparatus of claim 11, wherein the control circuit

turther comprises:

a phase cut detection circuit configured to generate a
phase cut signal representative of a phase cut applied to
the time-varying voltage; and

a peak voltage compensation circuit configured to scale
the peak voltage signal responsive to the phase cut
signal; and

wherein the mapping circuit 1s configured to generate the
pulse duration signal responsive to the scaled peak
voltage signal.

13. The apparatus of claim 12, wherein the peak voltage
compensation circuit 1s configured to scale the peak voltage
signal when the phase cut signal indicates a phase cut greater
than a predetermined amount and to forego scaling the peak
voltage signal when the phase cut signal indicates a phase
cut less than the predetermined amount.

14. The apparatus of claim 13, wherein the predetermined
amount 1s greater than about a quarter of a cycle of the
time-varying voltage.

15. The apparatus of claim 1, wherein the control circuit
comprises a microcontroller.

16. The apparatus of claim 1, further comprising a rectifier
circuit having an 1put configured to be coupled to an AC
power source and an output coupled to the mput of the
switched-mode converter circuit.

17. The apparatus of claim 1, further comprising the at
least one light emitting device.
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18. The apparatus of claim 17, wherein the at least one
light emitting device comprises at least one LED.

19. An apparatus comprising:

a switched-mode converter circuit configured to be
coupled to at least one light-emitting device and to
transier power thereto responsive to a pulse width
modulated signal, the switched-mode converter circuit
comprising an energy storage device and a switch
configured to control charging of the energy storage
device responsive to the pulse width modulated signal;
and

a microcontroller configured to provide:

a voltage detection unit configured to generate a first
digital value representative of a magnitude of a time-
varying voltage applied to an mput of the switched-
mode converter circuit;

a dimming level detection unit configured to generate a
second digital value representative of a dimming level;

a mapping unit configured to generate a pulse duration
value responsive to the first digital value;

a dimming compensation unit configured to scale the
pulse duration value responsive to the second digital
value; and

a programmable switched-mode control (PSMC) unit
configured to generate the pulse width modulated sig-
nal responsive to the scaled pulse duration value.

20. The apparatus of claim 19, wherein the mapping unit
1s configured to generate the pulse duration value responsive
to the first and second digital values.

21. The apparatus of claim 19, wherein the voltage
detection unit comprises:

an analog-to-digital converter (ADC) umt configured to
generate digital voltage samples representative of a
time-varying voltage applied to an imput of the
switched-mode converter circuit; and

a peak detector unit configured to generate the first digital
value from the digital voltage samples.

22. An apparatus comprising:

a switched-mode converter circuit configured to be
coupled to at least one light-emitting device and to
transier power thereto responsive to a pulse width
modulated signal; and

a microcontroller configured to provide:

a voltage detection unit configured to generate a first
digital value representative of a magnitude of a time-
varying voltage applied to an mput of the switched-
mode converter circuit;

a dimming level detection unit configured to generate a
second digital value representative of a dimming level;

a mapping unit configured to generate a pulse duration
value responsive to the first digital value;

a dimming compensation unit configured to scale the
pulse duration value responsive to the second digital
value; and

a programmable switched-mode control (PSMC) unit
configured to generate the pulse width modulated sig-
nal responsive to the scaled pulse duration wvalue,
wherein the dimming level detection unit comprises a
phase cut detection unait.

23. The apparatus of claim 22, wherein the phase cut

detection unit comprises:

an analog comparator unit configured to generate a digital
pulse signal responsive to the time-varying voltage; and

a capture unit configured to generate the second digital
value responsive to the digital pulse signal.

24. The apparatus of claim 23, wherein the analog com-

parator unit comprises a first analog comparator unit,
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wherein the microcontroller 1s further configured to provide
a second analog comparator unit configured to generate a
pulse 1nitiation signal responsive to discharge of an energy
storage device of the switched-mode converter circuit and
wherein the PSMC unit 1s configured to initiate a pulse of the
pulse width modulated signal responsive to the pulse 1nitia-
tion signal.

25. The apparatus of claim 19, further comprising a color
point control circuit configured to be coupled to the at least
one light-emitting device, and wherein the microcontroller 1s
turther configured to control the color point control circuait.

26. The apparatus of claim 19, further comprising a
rectifier circuit having an mput configured to be coupled to
an AC power source and an output coupled to an input of the

switched-mode converter circuit.

27. The apparatus of claim 19, further comprising the at
least one light emitting device.

28. The apparatus of claim 27, wherein the at least one
light emitting device comprises at least one LED.

29. A method of operating a switched-mode converter
circuit having an output coupled to at least one light-
emitting device and comprising an energy storage device
and a switch configured to control charging of the energy
storage device, the method comprising:

generating a measure of a voltage magnitude of a time-

varying voltage applied to an input of the switched-
mode converter circuit;

generating a measure of a dimming level to be applied to

the at least one light-emitting device;

generating a pulse width modulated signal having a pulse

width that varies responsive to both the measure of the
voltage magnitude and the measure of the dimming
level; and

controlling the switch of the switched-mode converter

circuit responsive to the pulse width modulated signal.
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30. The method of claim 29:
wherein generating a measure of a voltage magnitude of
the time-varying voltage comprises generating a mea-
sure of a peak voltage of the time-varying voltage; and
wherein generating a pulse width modulated signal having
a pulse width that varies responsive to both the measure
of the voltage magnitude and the measure of the
dimming level comprises:
mapping the measure of the peak voltage to a pulse
duration; and
applying the pulse duration to the pulse width modu-
lated signal.
31. The method of claim 30:
wherein generating a measure ol a dimming level to be
applied to the at least one Light-emitting device com-
prises generating a measure of a phase cut applied to
the time-varying voltage;

wherein applying the pulse duration to the pulse width

modulated signal comprises:

adjusting the pulse duration based on the measure of
the phase cut; and

applying the adjusted pulse duration to the pulse width
modulated signal.

32. The method of claim 31, wherein mapping the mea-
sure of the peak voltage to a pulse duration comprises:

adjusting the measure of the peak voltage based on the

measure of the phase cut; and

mapping the adjusted measure of the peak voltage to the

pulse duration.

33. The method of claim 29, wherein generating a mea-
sure of a voltage magnitude of a time-varying voltage
applied to an mput of the switched-mode converter circuit
and generating a measure of a dimming level to be applied
to the at least one light-emitting device are performed by a
microcontroller.
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